Abstract-The End-Systolic Pressure-Volume Relation (ESPVR) is generally modelled as a linear relationship between P and V as cardiac reflexes, such as the baroreflex, are typically suppressed in experiments. However, ESPVR has been observed to behave in a curvilinear fashion when cardiac reflexes are not supressed, suggesting the curvilinear function may be more clinically appropriate. Data was gathered from 41 vena cava occlusion manoeuvres performed experimentally at a variety of PEEPs across 6 porcine specimens, and ESPVR determined for each pig. An exponential model of ESPVR was found to provide a higher correlation coefficient than a linear model in 6 out of 7 cases, and a lower Akaike Information Criterion (AIC) value in all cases. Further, the exponential ESPVR provided positive V0 values in a physiological range in 6 out of 7 cases analysed, while the linear ESPVR produced positive V0 values in only 3 out of 7 cases, suggesting linear extrapolation of ESPVR to determine V0 may be flawed.
I. INTRODUCTION
One of the leading causes of Intensive Care Unit (ICU) admission and mortality is cardiovascular disease and dysfunction (CVD), responsible for 31.9% of deaths in the United States [1] . The ability to characterise and understand the operational state of the heart using clinically available data to predict its response to changing clinical conditions and treatment is an important and ongoing field of research.
The End-Systolic Pressure-Volume Relation (ESPVR) is one relation used to characterise cardiac state. ESPVR can be used to evaluate the contractile state of the heart, as well as the response of the heart to changing circulatory conditions for a given contractile state [2] . ESPVR, which is generally represented as a linear pressure-volume relationship, is often extrapolated to the volume axis to determine Vd or V0, the 'dead space' volume of the heart at zero effective pressure. This dead space volume is an important aspect in normalising models of cardiac behaviour across different subjects or contractile states, as this volume is 'non-functional' and thus does not represent cardiac work [3] .
It has been demonstrated that ESPVR behaves in a linear fashion when cardiac reflexes are suppressed, and tends towards curvilinear behaviour when cardiac reflexes remain unsuppressed [4, 5] . Both ESPVR curves have clinical value, the suppressed curve in providing a clear picture of the intrinsic ESPVR of the heart in isolation, and the unsuppressed case in providing a 'systemic' ESPVR that incorporates the effects of auto regulatory reflexes. This second case does not distinguish between the response to changing cardiac conditions due to physical heart properties and the response due to, for example, the baroreflex, but is more representative of the behaviour that would be observed in an ICU patient. While a number of studies have observed this curvilinear behaviour [4] [5] [6] [7] , modelling of it has been mainly focused on quadratic models and data gathered from canine subjects.
This work examines data from repeated vena cava occlusion manoeuvres and compares linear and nonlinear models of the ESPVR in a case where reflexes are unsuppressed, with the goal of providing additional experimental data and observations to an ongoing area of discussion. These vena cava occlusion manoeuvres take place over a large pressure range and number of heartbeats in a number of different pigs, providing a broad range of data. The unique aspects of this paper are the number of heartbeats per pig across multiple occlusion manoeuvres available, the exploration of exponential modelling of the ESPVR as compared to the linear or quadratic models typically employed [8] and the use of porcine data as opposed to canine or rat data, which is important due to the close physiological resemblance of pigs to humans [9] .
II. METHODS

A. Experimental Methodology
Six pure pietrain pigs were sedated and mechanically ventilated through a tracheotomy. Left ventricle pressure and volume were sampled using a micromanometer-tipped admittance catheter (Scisense Inc, Ontario). Data was sampled at 1000 Hz, and the experiments were performed without opening the chest. Each pig underwent a number of Positive End-Expiratory Pressure (PEEP) steps (0 cmH2O to 25 cmH2O in steps of 5 cmH2O), with a pair of vena cava occlusion manoeuvres performed (between 10 and 20s duration) at each PEEP level. Overall 1177 heartbeats were analysed. All experimental procedures, protocols and use of data were reviewed and approved by the Ethics Committee of the University of Liege Medical Faculty.
B. Modelling the ESPVR
During vena cava occlusion manoeuvres end-systolic pressures and volumes were determined by finding and recording the maximum ratio of pressure to volume for each heartbeat.
Two models were used for determining ESPVR and V0. The first is the linear model, which was used as a means of comparison to evaluate the magnitude of the departure from linear behaviour caused by cardiac reflexes:
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Where Pes represents End-Systolic Pressure, Ves EndSystolic Volume and Ees Elastance. The second model used was the exponential model:
Where P∞ is the asymptotic pressure and m an indication of the steepness of the exponential curve.
The exponential model was selected as it captured observed nonlinear ESPVR behaviour with more physiological accuracy than previously employed quadratic curves, which can behave in a non-physiological manner when extrapolated. Both curves were fitted by using the Levenberg-Marquardt Algorithm to minimise the Geometric Mean Deviation (GMD) [10] . Use of the GMD accounts for the fact that both the volume and pressure measurements taken are equally subject to measurement error. Linear and exponential ESPVR curves were compared based on Pearson Correlation Coefficients values. For the exponential fit, the curve was linearised as the Pearson Correlation Coefficient is designed for linear correlations. The resulting physiological appropriateness of V0 values was also compared.
C. Statistical Comparison of Models
The Akaike Information Criterion (AIC) is a method of estimating the loss of information involved with using a model to represent a data set [11] . It presents a trade-off between goodness of fit against model complexity, and can be expressed for a least squares problem as:
Where n is the number of data points in the sample set, RSS is the residual sum of square errors and K is the number of parameters in the model. Lower values of the AIC are considered indicators of a more effective model than higher values of the AIC.
III. RESULTS
Combined end-systolic pressures and volumes for each pig, with linear and exponential fits, are shown in Figures 1-3 . Of note is the nonlinear behaviour in all pigs but Pig 6, and the fact that the curves for different PEEP levels largely conform to a single exponential model. Also of note is the unusual behaviour of Pig 4, which appears to undergo a change in contractile state between PEEP 10 and 15 and thus is split into two model lines. Example P-V loops are overlaid on each plot. The linearised correlation coefficients for each pig along with V0 and AIC values are presented in Table 1 . 
IV. DISCUSSION
While both the exponential and linear fits produced high correlation coefficients, the exponential fit provided a better correlation coefficient in 6 out of 7 cases, excluding Pig 6. Further, the exponential fit provided physiologically reasonable, positive values for V0 in 6 out of 7 cases, while the linear fit provided non-physiological, negative V0 values in 4 of 7 cases. Negative V0 values are an acknowledged issue with linear ESPVR [2] , especially where cardiac reflexes are active, and the exponential fits appear to go some way towards alleviating this issue. The exponential model also performs in a physiological manner as the boundary conditions are approached. Exponential models tend towards a positive asymptotic pressure as volume increases, rather than increasing indefinitely (linear) or potentially decreasing (quadratic). Indeed, the End-Diastolic Pressure-Volume Relation is represented by an exponential curve [12] . Thus, the use of an exponential ESPVR provides increased consistency between the two model forms.
Pig 6 exhibits performance different from the other subjects. This pig demonstrated negative V0 values for both linear and exponential fits, larger correlation coefficients for linear than exponential fits and visually apparent linear behaviour. However, it is possible this behaviour is the result of the occlusion manoeuvres failing to move the P-V loops far enough left for curvilinear behaviour to become apparent in this specific pig, or due to the pig's cardiac reflexes failing to perform effectively. This linearity also accounts for the negative V0 produced by the exponential fit, as the lack of the steeper gradient closer to the x-axis results in an exponential with extremely low curvature, approaching linear behaviour.
Pig 4 exhibits an apparent change in contractile state between PEEP 15 and PEEP 20, with two quite separate but distinctly curvilinear ESPVR lines. As these two regions are able to be distinctly separated both in terms of PEEP level and temporally, the data was split into its two separate sections for model fitting. While this increases overall R values, the core purpose of this paper is to compare linear and exponential R values, rather than obtaining a high R value, thus this approach is justified. It is worth noting that both of the exponential V0 values are positive and agree reasonably well, while the linear V0 values vary greatly and go from negative to positive. During the second occlusion manoeuvre at PEEP 15, the balloon used to occlude the vena cava failed to fully deflate, raising the possibility that it remained partially inflated for the remainder of the experiment, thus causing the observed behaviour.
Fitting a single ESPVR curve through data corresponding to different PEEP levels in a given specimen is unusual and provides for some interesting observations. ESPVR is supposedly relatively independent of cardiac preload and afterload [13, 14] , and dependent mainly on the contractile state of the individual. However, this assumption has been the subject of ongoing debate [2] , and, as PEEP effects both preload and afterload [15] , it is possible PEEP changes cause shifts in ESPVR. The data shown in Figures 1-3 shows slight variability in ESPVR with PEEP changes, with no discernible trend as pressure increases (Pig 6 for shifts to the left as PEEP rises, while Pig 2 shifts to the right). This agrees well with other animal studies which have shown that ESPVR is not altered significantly by PEEP [16, 17] .
Use of an exponential ESPVR curve to model cases where cardiac reflexes are unsuppressed has interesting potential implications. While the difference between a linear and exponential ESPVR is minimal over the physiological range typically observed in an ICU, the exponential curve slightly shifts the expected cardiac response to changing circulatory conditions for a contractile state. A more significant change is in terms of providing more accurate estimates of V0 or Vd, as the two curves behave quite differently when extrapolated to the volume axis. This result has the potential to improve the accuracy of certain cardiac models, particularly for prediction in clinical settings, as a number of these rely on V0 to normalise cardiac behaviour across different individuals and contractile states [18, 19] .
V. CONCLUSION
The End-Systolic Pressure-Volume Relation has been observed to behave in a curvilinear fashion where cardiac reflexes are not supressed, as in an ICU patient. Experiments were conducted encompassing 41 vena cava occlusion manoeuvres at a variety of PEEPs across 6 porcine specimens, and ESPVR assessed for each pig. The ESPVR curves were found to conform better to an exponential fit in 6 out of 7 cases, and provide physiologically reasonable positive V0 values in 6 out of 7 cases, while the linear fit produced positive V0 values in only 3 out of 7 cases. This supports the idea that ESPVR is nonlinear where cardiac reflexes are not supressed, and extrapolation of a linear ESPVR to determine V0 in such cases may be flawed.
